Abstract-Genetic algorithm is adopted to give an automatic design scheme for fiber-based optical parametric amplifiers (FOPAs). Main steps of the optimization process and discussion about this algorithm are presented. The results show that present FOPA has more than 300-nm flat bandwidth with a central wavelength of 1500 nm and a gain ripple of less than 0.3 dB. Meanwhile, fluctuation in zero-dispersion wavelength of fibers is taken into consideration and its influence is briefly analyzed.
I. INTRODUCTION
F IBER-BASED optical parametric amplifiers (FOPAs) [1] , [2] are now attracting widespread interest due to their various merits such as broad-band, low noise, and flexible center wavelength. However, by using single-pump FOPA design, it is difficult to provide a flat gain spectrum within a wide range of wavelengths [2] . In response to this limitation, several models, such as dual-wavelength pumping [3] , [4] and multisection design [5] , [6] , are proposed to resolve the problem. Among them, the multisection design seems more promising. It efficiently enlarges and flattens the gain spectrum by use of several consecutive highly nonlinear fibers with different zero-dispersion wavelengths (ZDWs) and lengths [6] . The biggest difficulty of this design lies in how to determine the large sums of parameters. Genetic algorithm (GA) [7] is very effective in such problems and has been proven very successful in optimal design of fiber Raman amplifier [8] and difference frequency generation-based wavelength conversion [9] . In this letter, we originally extend the GA into the optimization of multisection FOPA design and demonstrate the effectiveness of this scheme by providing one design of FOPA.
II. THEORY OF FOPA
The theory of multisection FOPA is given in [6] , which is based on the well-known scalar nonlinear Schrödinger equation including the higher order dispersion terms [10] . Here, the main results are shown. Suppose there are sections Here, is the solution vector in which is signal and idler amplitudes, respectively. , and is propagation distance. is transfer matrix and is given as (2) where and
. is the total phase mismatch in which is the linear phase mismatch. accounts for the second-and fourth-order dispersion terms, respectively. is the nonlinear coefficient of the fiber and is the pump power. Finally, the small-signal power gain at the output can be expressed as the form [6] (3)
In addition, splicing loss is taken into account. Conventionally , with . In the equations above, the independent variables are and of each fiber section. The phase-matched bandwidth is mainly determined by the nonlinear phase shift , while the spectral gain profile in the ZDW region is determined by and [1] , [11] . In practice, can be precisely tuned with the ZDW that typically varies in a range of a few nanometers and is assumed to remain constant in this small wavelength range. and can be given constant values that are expected to be as large as possible under the limitation of practical application. Our multisection design is based on the following configuration: The first section determines the approximate required bandwidth and gain and provides a broad nonuniform gain spectrum; the following sections progressively smooth the gain curve by carefully tuning their parameters. Normally, the ZDW of the first section is set to be equal to the pump wavelength, thus, . Then and of the first section can be calculated. Therefore, the parameters left to be optimized are and of each following section. That is to say, if there are fiber sections, there will be parameters: and .
III. GENETIC ALGORITHM OPTIMIZATION PROCESS
Since there are many parameters required to be optimized simultaneously, ordinary algorithms are not effective. We originally employ GA [7] Each solution consisting of parameters can be compared to an individual consisting of chromosomes. First, set a reasonable range for each parameter. Then, randomly generate the initial population including individuals (or solutions) according to the range of each chromosome (or parameter). Finally, code every parameter into binaries. Here, each individual is called
Step 2) Evaluating Fitness.
The expression of fitness function-fitness -is of vital importance in the algorithm. In this problem, two fitness functions are reasonable: the bandwidth with preset gain ripple or the reciprocal of ripple with preset bandwidth. After many trails, the former or the combination of both shows better efficiency. Let .
Step 3) Selecting Reproduction (survival of the fittest).
The larger the value of , the more chances would be selected for reproduction. That is, the probability of being selected is proportional to .
Step 4) Crossover. Combine the selected in pairs and then implement a single-point crossover on the counterpart of chromosomes (or parameters) in each pairs in order to create offspring-( , which inherits the traits of the parents. The crossover rate here is about 50%.
Step 5) Mutation.
The mutation rate specifies the odds that a given gene in a chromosome will be mutated. In the case of bit representation, the gene will simply be flipped, that is, a one changed to a zero or a zero changed to a one. The mutation rate is changed during the evolution process. Initially, it is set to be about 2%. After mutation, turns into . If the stop condition is not satisfied, let , and return to Step 2; otherwise, output the result.
IV. RESULTS AND DISCUSSION
Since premature is an inevitable phenomenon in GA, our program tends to fall into local optimal solutions as well. Actually, it is proved to be able to jump out of the local optimal solutions, but it is very time consuming and may jump into another local optimal solution.
To solve this problem, we have developed a two-step procedure. First, let the number of individual of initial population be appropriate, say 50. Then, evaluate the current optimal solution. If it is judged to be close to the global optimal solution, then continue to the second step of the program; otherwise, restart from the very beginning. In the second part, the fitness function as well as the way of crossover is modified and the mutation rate is increased, say from 2% to 20%, to help evolve into the global optimal solution. After trail and analysis, we find that in most cases, four-section design, that is, , is enough and three-section design also can be applied if the required bandwidth is less than 100 nm. Fig. 1 is an example of our design whose bandwidth is broader than 300 nm with the ripple of less than 0.3 dB and the gain more than 10 dB. Its parameters are given in Table I . This level of gain bandwidth is not available before.
Furthermore, it is found that the total length of the fiber is approximately inversely proportional to the pump power used.
V. EFFECTS OF FLUCTUATIONS IN ZDW
Since there are fluctuations in ZDW along the amplifier length [12] , [13] , it is of great importance to assess its detrimental effect on the gain spectrum. When considering for a random summation of sine functions [6] , we conclude that the impacts of short-scale and long-scale fluctuations are different. The former can be neglected when the fiber length is over ten times longer than the period of fluctuation, while the latter will induce tremendous gain ripple. However, gain ripple of about 1 dB can still be achieved in the presence of ZDW variation if the averages of ZDWs values are maintained close to the constant optimum value and the deviation is not very large. One example is shown in Fig. 2 . Additionally, the increase of the pump power and nonlinear coefficient will mitigate the influence of the fluctuation.
VI. CONCLUSION
A new and practically applicable scheme to optimally configurate FOPA with flat gain and ultrabroad bandwidth has been presented by use of GA. A configuration was shown as an example of the solutions produced by our program. The algorithm has been proved to be able to automatically yield configurations of the multisection FOPA.
